Catecholamines have been measured using a fully-automated HPLC-ethylenediamine condensation reaction-peroxyoxalate chemiluminescence (CL) detection system with both high sensitivity and selectivity. When a CL solution containing trifluoroacetic acid was kept at room temperature, 4° C or -20° C, and then used for the CL detection of catecholamines, the CL intensity was significantly increased. With the solutions stored at -20° C, the maximum CL intensity was observed, even after being stored for one year. This increase in the CL intensity was observed with CL solutions prepared using either bis(2,4,6-trichlorophenyl)oxalate (TCPO) or bis[4-nitro-2-(3,6,9-trioxadecyloxycarbonyl)phenyl]oxalate (TDPO) in either dioxane/ethyl acetate or acetonitrile. A certain strong carboxylic acid in the CL solution, such as trifluoroacetic acid, trichoroacetic acid or heptafluorobutyric acid, was necessary in order to increase the CL intensity. This increase in the CL intensity was also observed even after decomposition of all the oxalate in the CL solution, suggesting that an active intermediate(s) for generating CL is produced in a strongly acidic solution during storage. Many fluorescent compounds have been sensitively and selectively determined using high-performance liquid chromatography (HPLC) with a peroxyoxalate chemiluminescence (P0-CL) reaction detection system.l-' In the PO-CL reaction, an active intermediate(s) is thought to be generated from an aryl oxalate and hydrogen peroxide (H2O2) to excite a fluorophore, which then emits light while returning to the electronic ground state. The active intermediate(s) has been postulated to be 1,2-dioxetane-3,4-dione8,9 or 3-aryloxy-3-hydroxyl-l,2-dioxetane-4-one10, while the occurrence of a multiple-intermediate mechanism has also been suggested.' 1 It is well known that the CL intensity obtained with CL solutions (i.e. solutions of aryl oxalates and H2O2) decreases depending on the time after mixing these two components.12 Since the aryl oxalate, itself, rapidly decomposes in the presence of H2O2, it has been assumed that the residual CL intensity is proportional to the residual amount of aryl oxalate in the CL solution. Recently, the stability of oxalates in a CL solution has been improved.13 However, concomitant measurements of the residual amounts of aryl oxalate and the residual CL intensity have not been fully described, and the exact properties of the active intermediate(s) are not known either, in spite of several studies concerning the PO-CL reaction.9,12"4-16
Many fluorescent compounds have been sensitively and selectively determined using high-performance liquid chromatography (HPLC) with a peroxyoxalate chemiluminescence (P0-CL) reaction detection system.l-' In the PO-CL reaction, an active intermediate(s) is thought to be generated from an aryl oxalate and hydrogen peroxide (H2O2) to excite a fluorophore, which then emits light while returning to the electronic ground state. The active intermediate(s) has been postulated to be 1,2-dioxetane-3,4-dione8,9 or 3-aryloxy-3-hydroxyl-l,2-dioxetane-4-one10, while the occurrence of a multiple-intermediate mechanism has also been suggested. ' 1 It is well known that the CL intensity obtained with CL solutions (i.e. solutions of aryl oxalates and H2O2) decreases depending on the time after mixing these two components.12 Since the aryl oxalate, itself, rapidly decomposes in the presence of H2O2, it has been assumed that the residual CL intensity is proportional to the residual amount of aryl oxalate in the CL solution. Recently, the stability of oxalates in a CL solution has been improved. 13 However, concomitant measurements of the residual amounts of aryl oxalate and the residual CL intensity have not been fully described, and the exact properties of the active intermediate(s) are not known either, in spite of several studies concerning the PO-CL reaction. 9,12"4-16 In previous work17"8 we developed a sensitive assay method for catecholamines (CAs) and constructed a fully-automated HPLC analyzer for plasma CAs which includes in-line extraction of CAs on an ion-exchange precolumn, separation on a reversed-phase analytical column, fluorogenic derivatization of catecholic compounds with ethylenediamine19 (ED) and sensitive detection with a PO-CL reaction. In that case, a mixture of bis[4-nitro-2-(3,6,9-trioxadecyloxycarbonyl)phenyl]oxalate (TDPO) and H2O2 in dioxane/ethyl acetate 50:50 (v/v) was used as a CL solution containing 110 mM trifluoroacetic acid (TFA) to adjust the pH so as to be suitable for the CL reaction. During our attempt to improve the sensitivity, we observed a significantly higher CL intensity when we employed CL solutions which had been stored for some days at room temperature or 4° C. In addition, solutions which had been further stored at -20° C for several weeks showed an increased and constant CL intensity. In contrast, CL solutions without an acid component (neutral condition) showed a continuous decrease in the CL intensity. In the present work we studied several factors, including the storing temperature and acid content, which affected the increase in the CL intensity during storage of the CL solution.
Experimental t To whom correspondence should be addressed .
Chemicals
CAs (norepinephrine, NE; epinephrine, E; and dopamine, DA) and dipyridamole were purchased from Sigma (St. Louis, MO, USA). Acetonitrile, ethanol, dioxane, ethyl acetate and distilled water (all of HPLC grade) were obtained from Wako Chemical Ind. (Osaka, Japan). Hydrogen peroxide (30%), bis(2,4,6-trichlorophenyl)oxalate (TCPO), TDPO, ED, acetic acid, formic acid and nitric acid were also from Wako. Methanesulfonic acid (MSA) and heptafluorobutyric acid (HFB) were supplied by Nacalai Tesque Inc. (Kyoto, Japan), while trichloroacetic acid (TCA) was from Kanto Chemicals (Tokyo, Japan) and TFA from Pierce (Rockford, IL, USA). 2,4,6-Trichlorophenol (TCP) was obtained from Tokyo Kasei Organic Chemicals (Tokyo, Japan). All other reagents, including potassium hydrogenphosphate, phosphoric acid and potassium hydroxide, were of analytical-reagent grade.
HPLC and postcolumn reaction conditions for the analysis of CAs
The fully-automated system consisted of four HPLC pumps, an autosampler, a rotatory six-way valve, . a ternary gradient unit, a precolumn and analytical column, two rotatory flow-mixing devices, a reaction coil in a thermostatically controlled bath and a system controller, as previously reported. 18 The CL intensity for CAs was measured with a Model 825-CL Detector (JASCO Co., Tokyo, Japan); the attenuation was fixed at 2 and the gain at X100.
The extraction of CAs and the HPLC conditions were: precolumn, SERUMOUT-CEX (Sekisui Co., Osaka, Japan); buffer for delivering CAs in the precolumn, 10 mM potassium phosphate buffer (pH 7. DMX-2300T dual-head short-stroke pump (Sanuki, Tokyo, Japan) for delivering the CL solution and an 5-3400 luminometer (Soma Optics, Tokyo, Japan). The eluent for dipyridamole was 50 mM imidazole nitrate buffer (pH 6.5)/acetonitrile 60 : 40(v/v) with a flow rate of 1.0 ml/ min. The retention time for dipyridamole was 9.7 min. The CL solution, comprising 0.25 mM TCPO and 25 mM H2O2 in acetonitrile and used at a flow rate of 1.3 ml/min, was prepared, tested and stored in aliquots at room temperature, 4° C and -20° C.
Determination of TCPO The HPLC system comprised an L-6200 intelligent pump (Hitachi); a 7125 Model loop injector (Rheodyne); a 860-CO column oven (JASCO) and a 870-UV-VIS intelligent detector (JASCO). TCPO was separated by a TSKgeI ODS-80Ts column (250X4.6 mm i.d.) (Tosoh) with acetonitrile/water 94 : 6(v/v) as the eluent at a flow rate of 1.0 ml/min. The column temperature was at 30° C and the monitoring wavelength was 280 nm. The retention times for TCP and TCPO were 4.1 and 7.3 min, respectively.
Storage of the the CL solutions for CAs and dipyridamole
The CL solutions for CAs detection, containing TCPO or TDPO, H2O2 and TFA in dioxane/ethyl acetate 50 : 50(v/v) were divided into three aliquots and stored at room temperature, 4° C and -20° C. After the CL intensity had been examined with each solution, the solutions were further stored at -20° C and their CL intensities were measured again after appropriate time intervals. The CL solutions were also prepared without TFA, and stored as described above; their CL intensities were similarly examined after appropriate amounts of TFA had been added to the solutions. After preparing additional CL solutions with acetic acid, formic acid, nitric acid, TCA, MSA or HFB (instead of TFA), their effects were checked.
The CL solution for dipyridamole detection was also examined similarly to that for CAs.
Results
Effect of the storage temperature of CL solutions on their CL intensity When the CL solutions for CA detection were kept at room temperature the CL intensity reached a maximum after storage for 2 d, and, subsequently, declined (Fig. 1) . When the solutions were kept at 4° C, the highest intensity was obtained after storage for 4 or 12 d for solutions with TCPO or TDPO, respectively. When the CL solutions were further kept at -20° C after having reached the maximum CL intensity, the high intensity was constant for at least one year. On the other hand, the intensity reached and remained at the highest level when the solutions were stored at -20° C for more than 10 or 15 d (for TCPO or TDPO, respectively). In any case, the CL intensity was higher for TDPO than for TCPO.
In the CL solution used for detecting dipyridamole, no acid was included, in contrast to that for CA detection.20 Figure 2a shows the effect of the storage temperature of this CL solution on the CL intensity for dipyridamole. Unlike the acidic CL solution for CAs, there was no increase in the CL intensity with the storage time under any storage temperature (room temperature, 4° C or -20° C) . When the solutions were kept at room temperature or 4° C, the CL intensity for dipyridamole decreased rapidly along with the storage time; when the solutions were stored at -20° C it decreased only slightly after one week. As shown in Fig. 2b , the decrease in the CL intensity for dipyridamole was proportional to the decrease of TCPO in the CL solution, suggesting that the CL intensity is primarily determined by the residual amounts of TCPO in the solution.
Effect of the acid content on the increase in the CL intensity
Since TFA was included in the CL solution for CAs, but not in the solution for dipyridamole, the effect of TFA on the CL intensity was investigated in detail. When the CL solutions prepared without TFA were stored at different temperatures and their CL intensity was examined following the addition of TFA, there was no increase in the CL intensity (Fig. 3a) . This result suggested that TFA is necessary while storing the CL solution. Figure 3b shows the effects of several types of acids other than TFA. The concentrations of the acids in the CL solution were adjusted so that the yields of the CL reaction were optimal. When TCA or HFB was used instead of TFA, the increase in the CL intensity was similar to that observed for TFA, and the maximum CL intensity was reached after being stored for two or three days at room temperature. When the solution was further stored at -20° C, the intensity was constant for at was measured using the CL solutions as described in the Experimental section. b) Twenty microliters aliquots of the CL solutions (0.25 mM TCPO and 25 mM H2O2 in acetonitrile) were subjected to HPLC and the residual amounts of TCPO were determined. For HPLC conditions, see Experimental section.
least two months. When other carboxylic acids (formic or acetic acid), strong organic non-carboxylic acid (MSA) or strong inorganic acid (nitric acid) were used, the intensity decreased along with increasing storage time, regardless of the storage temperature. Therefore, strong carboxylic acids (TFA, TCA or HFB) are necessary to increase the CL intensity, probably due to their preventing a degradation of the generated intermediate(s). In this respect TFA proved to be the best among the strong carboxylic acids tested.
Investigation on the intermediate As described in the Experimental section, we investigated the degradation of TCPO in the presence of H2O2 and a possible concomitant appearance of a new peak(s) in the HPLC chromatograms which would correspond to a stable intermediate(s). The experiment was restricted to CL solutions containing TCPO, because TDPO could not be separated from its hydrolyzed product under the conditions tested. Figure 4a shows the residual concentration of TCPO in the CL solutions after being stored three different times; Fig. 4b shows the CL intensities for CAs with the corresponding CL solutions. As described above, the maximum CL intensity was obtained with two kinds of CL solutions, one of which was kept at room temperature for 2 d; the other was kept at room temperature for 2 d and furtherly stored at -20° C for 4 months (Fig. 4b) . TCPO apparently degraded after being stored for two days at room temperature (Fig. 4a) . After being stored for four months at -20° C, TCPO completely degraded into its hydrolyzed product, which was identified as being TCP (Fig. 4a) . These observations indicate that the maximum CL intensity was obtained even though all of the TCPO was consumed, and that an active intermediate(s) was generated and accumulated in the CL solution during storage. No other peak(s) which would correspond to the intermediate(s) and would appear concomitantly to the degradation of TCPO was observed in the chromatograms (Fig. 4a ). This may have been due to degradation of the intermediate(s) during the separation procedure.
Discussion
It has been suggested that an arylhydroperoxyoxalate, 1,2-dioxetane-3,4-dione8'9 or 3-aryloxy-3-hydroxyl-l,2-dioxetane-4-one10, is the key intermediate in the first step of the PO-CL reaction. On the other hand, Alvarez et a1.11 proposed a multiple-intermediate mechanism involving several light-producing pathways. Recently, Orosz et a1.21, reporting on an HPLC system for the determination of rubrene, suggested that a semistable intermediate was slowly produced from bis(2,4-dinitrophenyl)oxalate (DNPO) and H2O2 in tetrahydrofuran under neutral storage conditions, and that the inter- Fig. 5 . By the reaction of TCPO or TDPO with H2O2 an intermediate(s) would be slowly produced in the presence of strong carboxylic acids (TFA, TCA or HFB). The storage temperature seems to be important, since a longer time was necessary for achieving the highest CL intensity at a lower temperature. The storage time required for attaining the maximum CL intensity was different for TCPO and TDPO, indicating that the generation of the intermediate(s) depends on the structure of the aryl oxalate. It is still unclear why the CL intensity increased to a limited extent and did not continue to increase, although there were still both H202 and aryl oxalate remaining in the CL solution (Fig. 4) .
Although we suggested the generation of an intermediate(s) in the acidic CL solution upon its storage, the intermediate(s) has yet to be found and clarified. The mechanism of the PO-CL reaction has not yet been sufficiently explained, especially concerning the nature of the generated intermediate(s). We think that the present work contributes to the elucidation of the mechanism of the PO-CL reaction.
